Abstract-In this paper, a simple dimming control is presented and applied to a cold cathode fluorescent lamp (CCFL). Traditionally, the digital dimming takes back-and-fro start and cutoff of the CCFL, thereby causing current spike and hence reducing the life of the CCFL. Consequently, to overcome these problems, a dimming strategy is presented according to the frequency shift. Moreover, a full-bridge phase-shift resonant inverter is utilized to power the CCFL. Some experimental results are provided to demonstrate the effectiveness of the proposed scheme.
I. INTRODUCTION

W
ITH the fast development of the liquid crystal display (LCD) technology, the LCD is now small in size, energy saving, and low in electromagnetic interference, thereby causing the demand in the LCD to be increasing greatly. However, the LCD cannot emit light itself and hence needs a sufficient and well-distributed light source for backlight to control the output of light via turning liquid crystal body so as to develop light. Up to the present, there are two types of backlight sources. One is the light-emitting diode with white light, which is costly, with small area of light, and is used in small-sized applications such as the mobile phone, the personal digital assistant, the global position system, the measure meter, etc. Another source is the cold cathode fluorescent lamp (CCFL) which is employed in large-sized applications [1] . Consequently, in order to meet the requirements of size and performance of the displayer, the combination of the LCD with the CCFL is the best choice.
Moreover, it is indispensable for dimming since people take their quality of life into great consideration. Therefore, the dimming technology is getting more and more attractive. There are two types of dimming, analog and digital. The analog dimming achieves dimming by adjusting the current flowing through the CCFL, as shown in Fig. 1 , but has poor performance of dimming due to the parasitic capacitance existing between the CCFL and the ground, thereby causing a large error in the sensed current of the CCFL and hence reducing the performance of dimming. As for the digital dimming which is also called burst dimming, it achieves dimming by driving the CCFL between no current and rated current based on the low-frequency dimming signal, as shown in Fig. 2 , and hence, it has no problem that exists in the analog dimming. However, the digital dimming takes back-and-fro starts and cutoffs of the CCFL, thereby causing current spikes and hence reducing the life of the CCFL (see Fig. 3 ). Such current spikes occur because the equivalent resistance of the CCFL is abruptly dropped after start-up. Recently, there have been three methods [2] - [5] widely used to dim the CCFL, such as duty-ratio control, frequency control, and voltage control. The duty-ratio control is easy to realize by regulating the lamp current, but the asymmetrical lamp current and the poor lamp crest factor will result in discoloration of 0093-9994/$26.00 © 2010 IEEE Fig. 3 . CCFL current spike due to digital dimming. the lamp [2] . That is to say, since the switching frequency is asynchronous with the resonant frequency, the current flowing through the CCFL is increased, and hence, a high current crest factor occurs. Therefore, the CCFL operated in the high-current mode tends to reduce the mercury stored in the CCFL, and hence, it is discolored. As generally recognized, the frequency control [6] is the most common technique in regulating the lamp current. However, the corresponding dimming range is significantly restricted by the switching frequency. This is because variations in voltage conversion ratio with respect to the switching frequency are large. As for the voltage control [7] , [8] , it has a good dimming performance but is too complex in implementation and hence is not suitable for low-power applications. Since the voltage method is based on the pulse amplitude modulation, a two-stage power supply is indispensable for feeding the CCFL. The first stage is responsible for adjusting the input voltage, whereas the second stage is operated at the fixed duty cycle of 50%.
Although the digital dimming is the latest technique and can enlarge the dimming range, the resulting current spikes must be suppressed by appropriate control strategies [9] - [19] to extend the lamp life. Consequently, to overcome the disadvantages mentioned, a novel dimming scheme is presented based on frequency shift. Aside from this, a full-bridge phase-shift resonant inverter, rendering switches operated in zero voltage switching during the turn-on period, is employed herein to power the CCFL. Some experimental results are provided to demonstrate the effectiveness of the proposed scheme.
II. MAIN POWER STAGE FOR CCFL
Before this topic is discussed, CCFL is represented as a resistor R lamp with the parasitic capacitances in the transformer and the parasitic capacitances between the lamp and the ground negligible. As shown in Fig. 4(a) , a full-bridge phase-shift resonant inverter is used to power R lamp , containing one main transformer (MT) with leakage inductors L r1 and L r2 at the primary and secondary sides, respectively, one magnetizing inductor L m , one dc blocking capacitor C C , one stabilization capacitor C B , one resonance capacitor C R , and four MOSFET switches Q 1 to Q 4 . Based on one appropriate control IC to be mentioned hereinafter, R lamp can be driven by sinusoidal voltage and current created from this full-bridge phase-shift resonant inverter. The equivalent circuit is shown in Fig. 4(b) in the steady state, where the resonant tank [1] is composed of C B , C R , L r2 , and the primary impedance reflected to the secondary containing L m , L r1 , and C C . The circuit shown in Fig. 4(b) can be redrawn to that in Fig. 4 (c) and then to that in Fig. 4(d) , which is a series-resonant series-parallel-loaded circuit. The relationship among parameters in Fig. 4 is described as
where V rms is the root-mean-square (rms) value of the fundamental sinusoidal voltage for the voltage difference between points A and B shown in Fig. 4 (a) 
where n is equal to N 2 /N 1 , with N 1 and N 2 being the turns of the primary and secondary windings, respectively, and ω s is the switching radian frequency.
III. ANALYSIS OF DERIVED FORMULAS
A. Behavior of CCFL During Start-Up
The value of the equivalent resistor R lamp represented for CCFL approaches to infinity during start-up, so as to obtain high output voltage to drive CCFL. In this case, the corresponding operating point A shown in Fig. 5 makes the circuit operated in the series-resonant parallel-loaded features with the resonant frequency f r1 , according to Fig. 4 
Hence, the corresponding quality factor Q A is almost zero.
B. Behavior of CCFL After Start-Up
As the ionization phenomenon reaches stabilization, the value of the equivalent resistance R lamp is abruptly dropped, and hence, the effect of the parallel capacitance C p on R lamp is negligible. In this case, the resulting operating point B shown in Fig. 5 renders the circuit operated in series-resonant series-loaded characteristics with the resonant frequency f r2 , according to Fig. 4(d) with Hence, the corresponding quality factor Q B is
C. Turns Ratio of the MT and the Stabilization Capacitance
As generally acknowledged, in the design of the backlight module, start-up should be taken into account first. Due to low voltage applied to the backlight circuit and high voltage applied to start CCFL, there is a voltage-boosting transformer between the main power stage and the load. The turns ratio n of the MT can be determined by
where V start,max is the maximum rms value of the voltage across CCFL during start-up and V dc,min is the minimum value of the dc input voltage. Since the resistance of CCFL is negative dependent after start-up, one stabilization capacitor C B is required to stabilize the lamp current [20] . In order to reduce the nonlinear behavior of CCFL, the reactance of C B is practically designed to be greater than twice the CCFL resistance [20] . That is to say, in the steady state, C B can be obtained by
where V lamp and I lamp are the rated voltage on CCFL and the rated current in CCFL, respectively.
IV. PROPOSED DIMMING CONTROL
The proposed dimming control technique is based on frequency shift, as shown in Fig. 6 , where irrelevant components are not shown herein. The power stage is basically controlled by one OZP6 IC [21] made by O2Micro Corporation. The control of the main power stage is based on the phase shift control technique. The input voltage of the resonant circuit is controlled by the phase-shifted angle shown in Fig. 7, where v gs1 , v gs2 , v gs3 , and v gs4 are the gate driving signals for Q 1 , Q 2 , Q 3 , and Q 4 , respectively, thereby controlling the time of energy transfer. That is to say, the smaller the phase-shifted angle is, the longer the energy transfer. The basic operation of frequency shift is described as follows. The minimum phase shift angle is prescribed at resonant frequency f r2 , and hence, the maximum energy transfer occurs. As the frequency is shifted far from f r2 , the energy transfer is reduced accordingly. The frequency after shift f shift is determined by the following formula [21] :
As shown in Fig. 6 , the positive terminal of the shift resistance R S is connected in parallel with the positive terminal of the high-frequency control resistor R T which is connected to the pin RT of the OZ960 IC. Moreover, the negative terminal of R S is connected in series with the drain of the N-MOSFET switch Q S which is driven by the output of the comparator COMP. The inputs of COMP are the control signal v c at the positive input terminal and the triangular wave v tri at the negative input terminal, which is created from the pin LCT of the OZ960 IC by connecting one capacitor C LCT between the pin LCT and the ground. Then, the duty cycle of the pulsewidth-modulated (PWM) driving signal v PWM from the output of COMP is used to control the duration of the shifted frequency based on (11) . As shown in Fig. 8 , the more the v c is, the larger the duty cycle of v PWM . Within the duty cycle of v PWM , the switching frequency of the inverter goes to the right side of the resonant frequency f r2 shown in Fig. 5 at point B, thereby causing the output voltage v o from the inverter to be reduced and hence the CCFL current i lamp to be decreased. That is to say, the corresponding total of the energy transferred to CCFL is smaller than that at f r2 . This is why the proposed dimming technique is used without the current spike occurring. To sum up, the proposed dimming method mainly depends on the shifted frequency and the duty cycle of v PWM . The first determines the lamp peak current after frequency shift according to the value of R S , whereas the latter decides the corresponding duration of this lamp current according to v c . 
V. DESIGNED SPECIFICATIONS AND EXPERIMENTAL RESULTS
Before this section is discussed, the specifications of CCFL are given in the following: 1) Rated voltage V lamp and rated current I lamp are 526 V rms and 5 mA rms , respectively; 2) range of start voltage V start is 800−1200 V rms ; 3) range of switching frequency f s is about 60−200 kHz; and 4) range of input voltage is 10−18 V dc . In this case, the normal value of f s is set to 60 kHz, and the resonant frequency f r2 is set to 50 kHz. Based on the previously mentioned, the key parameters such as the turns ratio n of the MT, the stabilization capacitance of C B , and the blocking capacitance of C C are to be described as follows.
A. Turns Ratio of the MT
Since CCFL is started by high voltage, MT needs large enough turns ratio n, which is obtained according to (9) n ≥ V start,max
Eventually, the value of n is chosen to be 111.
B. Stabilization Capacitance
The stabilization capacitance of C B is obtained based on (10)
4π × 60k × 526 = 12.6 pF.
Finally, the value of C B is selected to be 12 pF.
C. Blocking Capacitance
The blocking capacitance of C C is obtained based on (2) and (7) where L r is the total leakage inductor seen from the primary side and the value of L r is measured to be about 640 μH. Eventually, the value of C C is chosen to be 2000 μF.
D. Determination of Parameters of the Frequency-Shifting Circuit
In order to remove the flicker sensitive to human eyes, the frequency of the triangular wave v tri is larger than 120 Hz [22] , and hence, 300 Hz is chosen herein. Since one OZ960 IC is used as a CCFL control chip, v tri is generated by connecting one capacitor C LCT between the pin LCT and the ground, and the value of C LCT is calculated to be
At last, the value of C LCT is set to 5.6 nF.
E. Experimental Results
As shown in Fig. 6 , the value of C T is set to 22 μF, and hence, the value of R T is chosen to be 47 kΩ based on (11) under the condition that the value of R S is infinite. After this, in order to demonstrate the proposed dimming technique, three values of R S are chosen to be 20, 47, and 150 kΩ under different values of control signal v c corresponding to various duty cycles of v PWM . In Fig. 9(a) , under the condition that the value of R S is 20 kΩ and the duty cycle of v PWM is 50%, the associated waveforms are the control signal v c , the triangular wave v tri , the PWM driving signal v PWM , and the CCFL current i lamp . Aside from this, the waveforms in Fig. 9(b) have the same conditions as the waveforms in Fig. 9(a) except that the time scale is decreased for the convenience of observing i lamp during the frequency transient. Furthermore, the waveforms shown in Fig. 10 are under the condition that the value of R S is 47 kΩ and the duty cycle of v PWM is 30%, whereas the waveforms shown in Fig. 11 are under the condition that the value of R S is 150 kΩ and the duty cycle of v PWM is 20%. From the experimental results mentioned earlier, it is obvious that the rms value of i lamp can be adjusted by changing the value of R S or the amplitude of the control signal v c without any inrush current during the frequency transient, so as to dim CCFL. That is to say, the proposed control strategy can overcome the disadvantages created from the digital dimming. 
VI. CONCLUSION
A novel dimming strategy based on frequency shift has been presented mainly to overcome the existing problem in current spikes in the digital dimming of the CCFL. Therefore, such a strategy can reduce the component stress and upgrade the CCFL life. Furthermore, it can provide easy implementation and integration of the corresponding dimming circuit.
